The influence of polymer architecture on the precipitation of amorphous calcium phosphate from supersaturated solutions has been investigated using the pH-stat technique. It has been found that low concentration of acrylic acid based copolymers and terpolymers markedly inhibit the precipitation of calcium phosphate. Homopolymers containing anionic, non-ionic, and cationic groups under similar experimental conditions are inefficient as calcium phosphate inhibitors. The inhibition data of several polymers indicate that the performance of polymers depends upon the functional group, ionic charge, and the molecular weight. In addition, it has been found that cationic flocculants and biocides when present at low concentrations exhibit strong antagonistic effect on the performance of calcium phosphate inhibiting polymers.
INTRODUCTION
In recent years many studies have been undertaken concerning the precipitation of sparingly soluble alkaline earth metal phosphates from their supersaturated solutions. 1 Precipitation of calcium phosphates is of particular interest because of its importance in many areas. Common examples include dental calculus, calcified plaques of arteriosclerosis, kidney calcinosis, etc. Calcium phosphates deposits have been encountered during pasteurization of milk.
In industrial water systems (i.e., desalination, boiler and cooling) precipitation and deposition of calcium phosphates on membrane and heat exchanger surfaces continue to pose serious operational challenges. In addition, calcium phosphates are widely produced in industry, in such forms as, ceramics, nutrient supplements, medicines, dentifrices, and stabilizers for plastic. They are utilized in solid state chemistry as fluorescent lamp phosphors and play a role in waste water treatment processes.
It is generally agreed that initially precipitated calcium phosphate from aqueous solution of high supersaturation and at pH >7, is an amorphous calcium phosphate, ACP. The formation and stability of ACP phase in aqueous solution has been the subject of numerous investigations. It has been suggested that if ACP is allowed to remain in contact with the solution, it transforms to the thermodynamically stable hydroxyapatite, HAP, perhaps via the hydrolysis of octacalcium phosphate. The metastability of the precursor is very sensitive to the conditions of precipitation such as pH, temperature, and degree of supersaturation. The presence of additives and impurities, ranging from simple ions to small molecules and polymers, including proteins at crystal surfaces, is frequently found to have a profound effect on crystallization properties. Some impurities can suppress growth entirely; others may actually enhance nucleation and crystal growth.
An important aspect in industrial and biological s ystems is the role that various macromolecules play as precipitation and crystal growth inhibitors for a variety of sparingly soluble salts such as calcium oxalate, calcium carbonate, calcium fluoride, barium sulfate, etc. It has been reported that the presence of both dissolved and suspended impurities in supersaturated solution exhibit marked influence on the performance of polymers as precipitation inhibitors. 2, 3 In the present work, we have investigated the effect of polymer architecture (i.e., polymer composition, ionic charge, molecular weight, etc.) on the precipitation of calcium phosphate from supersaturated solution. This study also reports the impact of cationic polymeric coagulants/flocculants and biocides on the performance of calcium phosphate precipitation inhibitors.
EXPERIMENTAL
Analytical reagent grade chemicals and grade A glassware were used. Stock solutions of calcium chloride and potassium dihydrogen phosphate were prepared using distilled water, filtered through 0.22 micron filter paper and analyzed for calcium and phosphate as described previously. 4 The polymers used were selected from commercial and experimental materials. All inhibitor solutions were prepared on dry weight basis. The desired concentrations were obtained by dilution. Subsaturated calcium phosphate solutions were prepared in a double-walled glass cell, maintained at constant temperature, by adding stock solutions of calcium chloride and potassium dihydrogen phosphate to the distilled water. Spontaneous precipitation was induced by raising the pH of this acidic solution with 0.1M NaOH solution. The pH of the solution was maintained constant using pH-stat apparatus described previously. 4 Precipitation of calcium phosphate was monitored by analyzing aliquots of filtered (0.45 micron filter paper) solution for phosphate by the spectrophotometric method. 4 The polymer efficacy as calcium phosphate inhibitor was calculated using the following equation: Table 1 identifies t he polymers evaluated in the present study. Figure 1 . As can be seen that homopolymers (i.e., P-AM, PVP, P-DA, etc.) which are devoid of -COOH group show poor performance (<5%) compared to -COOH containing polymers (i.e., P-AA and PMA). It is interesting to note that under similar experimental conditions cationic charged polymer, P -DA, is an ineffective Ca/P inhibitor thus suggesting that polymer charge play a key role in imparting inhibitory activity to the polymer. The effect of polymer composition on Ca/P inhibition was also investigated using the pH-stat method in the presence of copolymers of varying compositions. Excellent examples of substitution of -COOH group with other monomers containing different functional groups are presented in Figure 1 , in which % Ca/P inhibition is plotted as a function of polymer composition for AA:SA, AA:DAAM, AA:nPA, and AA:SA:SS. Clearly, the best inhibition is provided by AA:SA:SS and the least is provided by AA:MA. Other copolymers show moderate activity at equal concentrations. The effectiveness of AA:SA:SS is surprisingly better than AA:SA polymer, suggesting that both the ionic charge as well chain length or the bulkiness of the co-monomers exhibit positive influence in improving the overall inhibitory power of the polymer. 
Effect of Polymer Molecular Weight:
The results of experiments to evaluate the influence of polymer molecular weight (MW) are presented in Figure 2 . As can be seen, Ca/P inhibition strongly depends on polymer MW. It is worth noting that whereas for P-AA the optimum effectiveness is obtained with ~2,000 MW, 5 for two copolymers (AA:HPA and AA:DAM) the optimum effectiveness is observed with relatively high MW (~10,000) polymer. The MW dependence observed in the present study for AA-based copolymers is consistent with previously published results on the effect of polymer MW in inhibiting the precipitation of calcium phosphonate. 
Effect of Cationic Flocculants and Flocculants:
Aluminum and iron based compounds have been utilized for decades as coagulant aids to help facilitate municipal and industrial water clarification. These inorganic flocculating agents neutralize the charge of water borne turbidity particles and they hydrolyze to form insoluble hydroxide particles and entrap additional particles. Organic polymers are also used in water treatment industry to clarify water containing suspended matter. These polymers are two major types, namely coagulants and flocculants. Coagulants are typically cationic and have MW of <100,000 Daltons. Examples of cationic coagulants include polyamine, polyquaternies, etc. Flocculants are typically much larger cationic molecules (MW >1,000,000 Dalton) that provide long bridges between small flocs to enhance particle growth. Commonly used flocculants include copolymers of acrylamide and daillydimethyl ammonium chloride. Flocculants are typically added to the raw water in an amount suitable to flocculate suspended matter. In most cases these large particles (flocs) are removed via settling in a clarifier and are collected as sludge. Occasionally, clarifier upsets cause cationic or inorganic coagulant/flocculant "carryover." In such instances, cationic coagulant/flocculant may interfere with the performance of anionic polymers used as Ca/P inhibitors.
In order to study the effect of flocculant and coagulant on the efficacy of Ca/P inhibitor (T-1), a series of Ca/P precipitation experiments were carried out in the presence of 1 mg/L of various cationic polymers (i.e., Polydiallyldimethyl ammonium chloride, C-1, Polyamine (epichlorohydrin:dimethyl amine), C -2, and Poly(acrylamide:2-(acryloxy)ethyltrimethyl ammonium chloride), C-3. Figure 3 presents Ca/P inhibition data for 10 mg/L dosages of T-1 (P-AA:SA:SS) in the presence of 0.5 mg/L of C-1, C-2 and C-3. As illustrated, the three (3) cationic coagulants and flocculants evaluated exhibit varying antagonistic effects on the performance of Ca/P inhibiting polymer. Figure 3 reveals that highly charged cationic additives such as C-1 and C-2 decrease the Ca/P inhibitory activity of T-1 by about 35 to 45%. On the other hand, C-3 polymer decreased Ca/P inhibition values by <10%. Figure 3 also presents Ca/P inhibition data collected in the presence of 10 mg/L T-1 and 0.5 and 1.5 mg/L Fe (III). As illustrated Fe(III) at 0.5 mg/L does not show any antagonistic effect on the performance of T-1. It is interesting to note that increasing the Fe (III) by three fold (from 0.5 to 1.5 mg/L) only results in <10 decrease in Ca/P inhibition values compared to >80% decrease in Ca/P 
Effect of Biocides:
The use of biocide to control microorganisms in cooling water systems is well documented. The type and selection of biocide types is dependent upon system design, loading and desired results. The desired biocontrol may include the use of several types of biocides, biostats, and biodispersant. Currently available biocides vary considerable in terms of their characteristics such as chemistry, biodegradability, activity, selectivity, and compatibility with other additives used in water treatment formulations. Commonly used biocides include chlorine, chlorine dioxide, ozone, gluteraldehyde, and quaternary ammonium chloride. Figure 3 presents data on T-1 collected in the presence of 0.5 mg/L of three cationic biocides (Tetrakishydroxyphosphonium sulfate, B -1, Dialkyldimethyl ammonium chloride, and Poly-Quat, B-3). The results presented in Figure 3 clearly show that B-1 has a negligible adverse effect on Ca/P inhibition whereas B -2 has a marginal antagonistic effect (i.e., 5% decrease in Ca/P inhibition values). However, the presence of polyquaternium, B-3, reduced Ca/P inhibition value by >30%. As expected, the decrease in Ca/P inhibition values is related to the cationic charge present on the biocide (B-3>>B-2>B-1).
